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Abstract 
Reed, Eric Joshua. M.S. Department of Biological Sciences, Wright State University, 
2018. Fast Voltage-Gated Sodium Channel Currents and Action Potential Firing in R6/2 
Skeletal Muscle. 
 
Huntington’s disease (HD) is a degenerative disorder caused by expanded CAG 
repeats in the Huntingtin gene, which results in cognitive problems as well as muscle 
weakness, chorea, rigidity, and dystonia.  Most research in HD has focused on 
neurodegeneration, but recent studies have found peripheral defects that may help explain 
the debilitating motor symptoms of HD.  We have shown that skeletal muscle from the 
R6/2 transgenic mouse model of HD is hyperexcitable due to decreases in resting 
chloride and potassium currents.  Other groups have speculated that the fast voltage-gated 
sodium channels may be affected in Huntington’s disease as well.  To fully understand 
membrane excitability, we looked at the fast voltage-gated sodium currents in voltage 
clamped flexor digitorum brevis and interosseous muscle fibers from late-stage R6/2 
mice and age-matched siblings.  Action potential trains were recorded to determine how 
the defects in chloride, potassium, and possibly sodium channels impact repeated action 
potentials.  Voltage dependence of the muscle fast voltage-gated sodium channels was 
shifted in R6/2 mice.  Action potential trains contained slower, smaller action potentials 
in diseased muscle.  
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Specific Aims 
Huntington’s disease (HD) is a progressive and fatal degenerative genetic 
disorder, caused by expanded CAG trinucleotide repeats in the Huntingtin gene. 
Currently, there are no effective treatments or therapies for the disorder.  Motor 
symptoms include irregular jerky movements, dystonia, rigidity, bradykinesia, and 
muscle weakness.  While many studies have addressed neurological deficits, few have 
addressed motor deficits in HD.  Our laboratory has shown skeletal muscle maintains 
proper innervation and is hyperexcitable with decreases in currents through the muscle 
chloride channel (ClC-1) and inward rectifying potassium (Kir) channels in transgenic 
R6/2 HD model mice.  We also found that R6/2 action potentials were prolonged which 
may be related to the decrease in ClC-1 and Kir currents or possibly other potassium 
channels.  Physiologically, the prolonged action potentials would be expected to cause 
action potential failure at high frequencies.  Failure is expected to be the result of 
prolonged repolarization preventing sodium channels from returning to a closed state in 
preparation to open again, perhaps even preventing the muscle from responding to stimuli 
occurring higher rates.  Besides potassium and chloride, it is known that sodium currents 
contribute to membrane excitability.  A defect in sodium currents would impact action 
potentials at all frequencies of stimulation.  To fully understand hyperexcitability and its 
effects on motor symptoms, the fast voltage-gated sodium currents must be examined.  
Although studies have suggested defects in the R6/2 sodium currents, previous studies 
from our lab indicate that action potentials in diseased skeletal muscle from the R6/2 HD 
x 
 
mouse model do not have significant changes in amplitude or rise; suggesting that the fast 
voltage-gated sodium channels are not affected.  I thus hypothesize that R6/2 skeletal 
muscle fibers have near normal sodium currents and will maintain low-frequency 
trains of action potentials; whereas, high-frequency action potentials will fail 
because of the prolonged action potentials. 
Aim 1:  Determine the fast voltage-gated sodium currents in R6/2 and age-matched 
wild-type littermates (WT) muscle fibers.  I will use two-electrode voltage-clamp to 
record fast voltage-gated sodium currents from R6/2 and WT muscle fibers to determine 
if the Na+ current density and voltage-dependent activation and inactivation are disrupted 
in HD. 
Aim 2:  Assess if R6/2 muscle fibers can maintain trains of low-frequency action 
potentials similar to WT, but not high-frequency-trains. I will use current clamp to 
record trains of R6/2 and WT action potentials at 20, 40, 60 and 80 Hz of direct muscle 
stimulation. Because of the near normal function of Na+ channels, I expect that the R6/2 
will sustain normal action potential firing at 20 and 40 Hz stimulation; whereas, action 
potential failure began to occur at 60 and 80 Hz stimulation due to the prolonged 
repolarization of action potentials.    
By successfully completing these aims, I will complete an initial examination of 
the effects of Huntington’s disease on some of the major ion contributors to membrane 
excitability in skeletal muscle.  I will also be the first to record the fast voltage-gated 
sodium currents from intact, mature skeletal muscle.  Because of the loss-of-function in 
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chloride channels, these cannot easily be targeted by drugs for treatment.  If the sodium 
channels are functioning normally, they can be targets for drugs to return excitability to a 
more normal level.  Therefore, understanding all potential causes of hyperexcitability 
could help in treating the debilitating motor symptoms faced by victims of the disease 
and their families.
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Introduction 
Huntington’s disease (HD) is a genetic disorder characterized by an expanded 
trinucleotide repeat (CAG) in the Huntingtin (HTT) gene.  The disease symptoms include 
motor, cognitive, and psychiatric impairment.  Motor symptoms include rigidity, jerky 
movements, and irregular head and arm placement.  Cognitive symptoms of the disease 
include neurodegeneration and seizures that are seen in the R6/2 HD mouse model 
(Myers, 2004). The disease appears in people with a CAG repeat count of about 36 or 
higher (Myers, 2004).  The onset of HD occurs earlier in patients the more CAG repeats 
that they have (M. Duyao et al., 1993).  HD most commonly develops in adults, with 
death occurring approximately 10-20 years after the onset of overt symptoms.  
Huntington’s symptoms appear in a more rapid form referred to as juvenile onset in 
young children who have higher repeat counts starting at about 45 repeats and up (Ribai 
et al., 2007).  The R6/2 mammalian mouse model contains the human form of the 
huntingtin protein with expanded CAG repeats and it is one of the most common models 
for studying Huntington’s disease.  There are several models, but the R6/2 model closely 
matches the juvenile onset form of the disease and survives only about twelve weeks.  
The R6/2 mouse model is commonly used due to the severity of the disease, and how 
quickly it progresses.  
  The presence of the huntingtin protein is important, and it appears to be 
necessary for early development (M. P. Duyao et al., 1995).  Physiological functions of 
the huntingtin protein are not yet known, but the mutant protein accumulates, and forms 
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aggregates inside of cells (Tong et al., 2014).  The protein is found throughout the body 
(Sharp et al., 1995).  Impact of the Huntingtin protein on the nervous system is the 
primary area of study (Tong et al., 2014).  Huntington’s disease has been thought of as a 
neurodegenerative disorder, so research has focused on the CNS to explain motor and 
cognitive defects.  Some research has looked at peripheral defects as a potential cause for 
motor symptoms.  (Ribchester et al., 2004; Rozas, et al., 2011).   
Neurodegenerative effects on patients could explain both cognitive and motor 
symptoms depending on the nervous tissue that is affected.  However, motor symptoms 
could just as likely stem from problems at the neuromuscular junction (NMJ) or skeletal 
muscle, perhaps in addition to neurodegeneration.  Previous studies have looked at the 
NMJ and shown that there were denervation-like symptoms, but that they are not caused 
by denervation and the NMJ morphology was unchanged in HD mice compared to WT 
mice (Ribchester et al., 2004; Khedraki et al., 2017).  The functional NMJ suggests that 
the cause of symptoms in HD lies elsewhere. 
Membrane potential and Ohm’s law 
Symptoms in HD could be a result of defects in the skeletal muscle itself due to 
the importance of excitation in muscle.  The following is a basic description of 
biophysical principles needed to examine the electrophysiological experiments presented 
in this thesis.  Membrane potential is determined by the permeability and concentration of 
ions both inside and outside of the cell.  Healthy muscle has a membrane potential of 
about –90 mV (Cunningham, et al., 1971).  Membrane potential can be calculated using 
the Goldman-Hodgkin-Katz (GHK) voltage equation, which takes into consideration the 
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concentration of ions both inside and outside of the cell as well as the permeability of 
each ion. 
Equation 1:  Em = 
𝑅𝑇
𝐹
ln (
𝑃𝑁𝑎[𝑁𝑎
+]𝑜+ 𝑃𝐾[𝐾
+]𝑖+𝑃𝐶𝑙[𝐶𝑙
−]𝑖
𝑃𝑁𝑎[𝑁𝑎+]𝑖+𝑃𝐾[𝐾
+]𝑜+𝑃𝐶𝑙[𝐶𝑙
−]𝑜
)  
In this equation Em is the membrane potential, R is the ideal gas constant, F is Faraday’s 
constant, Pion is the selectivity for that ion, [ion]out or [ion]in are the extracellular and 
intracellular concentrations of that ion respectively. To look at one ion individually, the 
Nernst equation can be used.  Because only one ion is being considered, the Nernst 
equation gives the equilibrium potential of that ion, as opposed to the membrane potential 
of the cell that is provided by the GHK voltage equation. The Nernst equation is: 
Equation 2:     ENa = 
𝑅𝑇
𝑧𝐹
ln
[𝑋]𝑜
[𝑋]𝑖
 
In this equation ENa is the sodium equilibrium potential, R is the ideal gas constant, F is 
Faraday’s constant, z is ion charge, [X]o is sodium concentration outside, and [X]i is 
internal sodium concentration.  Sodium has an equilibrium potential of about +60 mV in 
normal conditions and when the sodium channels open, sodium may flow more freely 
through the membrane, which moves the membrane potential of the cell towards +60 
mV. 
In this study, the equilibrium potential will instead be +32.5 mV, so if the sodium 
channels open, the membrane potential of the cell will move towards +32.5 mV.  How 
freely those ions move across the membrane is called the membrane conductance (Gm) 
and is the inverse of the membrane resistance (Rm; Gm = 1/Rm).  For example, the 
opening of sodium channels will increase the membrane conductance to sodium.  
Membrane potential is related to the resistance and current flow of ions across the 
membrane, which can be shown with Ohm’s law, V=IR, where V is the membrane 
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voltage, I is the current flow of ions through the channels, and R is the membrane 
resistance (Hille, 1992).  As written, this equation indicates that the ion current will be 
zero when the membrane voltage is zero, which is not accurate for cell membranes.  Ion 
current through the membrane is not zero at zero mV.  Instead, the ion current is zero 
when at the equilibrium potential for that ion.  So the difference between the membrane 
potential and equilibrium potential must be taken into account.  Ohm’s for describing the 
current flow of a sodium ion across biological membranes is shown in equation 3 below, 
analogous equations apply to each ion. 
Equation 3:    𝐼𝑁𝑎+ = 𝐺𝑁𝑎+(𝑉𝑚 − 𝐸𝑁𝑎+) 
In the equation above INa is sodium current, GNa is sodium conductance, Vm is membrane 
potential, and ENa is the sodium equilibrium potential. 
In skeletal muscle, chloride is the most permeable ion through the membrane at 
rest and has an equilibrium potential of –90 mV.  When ion channels are open, that 
allows the current flow of ions towards the equilibrium potential of that ion.  Therefore, 
chloride currents help to stabilize the membrane at (–90 mV).  If sodium channels open, 
the resistance for Na+ decreases, which allows an increase in the flow of sodium ions.  
When sodium channels open during an action potential, the permeability of sodium ions 
increases significantly, allowing sodium to drive the cell towards its equilibrium 
potential. 
Skeletal muscle 
Despite the assumption that HD is a neurodegenerative disorder, some of the 
motor symptoms could be explained by problems related to excitation in skeletal muscle.  
In order to understand the role of defects in muscle excitability in HD, it is helpful to 
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consider the process of relaying action potentials in the motor nerve to muscle excitation.  
Skeletal muscle is excitable with a negative membrane potential.  The membrane 
potential is altered when an action potential, from the nervous system, reaches the motor 
nerve terminal resulting in acetylcholine release which reaches the muscle.  When an 
action potential reaches the motor nerve terminal, voltage-gated Ca2+ channels open 
allowing calcium to enter the cytosol of the presynaptic neuron where it can interact with 
vesicles containing acetylcholine in the motor nerve terminal.  Vesicle bound calcium 
sensors then interact with the membrane to force fusion and create a pore for 
acetylcholine to be released (Ramakrishnan, et al., 2012).  Acetylcholine is released from 
vesicles into the synapse between the neuron and the muscle where it binds nicotinic 
acetylcholine receptors on the muscle fiber, allowing sodium to enter the cell and cause a 
depolarization towards threshold (Hodgkin, et al., 1952). 
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Figure 1: Action Potential. Action potential from a wild-type mouse. The baseline is 
marked in green.  The depolarization is marked by a red line.  A blue line shows the 
repolarizing phase.  Na+ marks the portion of the action potential caused by a sodium 
influx.  K+ marks the portion of the action potential caused by a potassium efflux.  
 
 
When enough acetylcholine binds to result in a stimulus large enough to reach 
threshold, Nav1.4 opens to allow a large influx of sodium ions.  Nav1.4, coded for by the 
SCN4A gene (Goldin, et al., 2000), is the fast voltage-gated sodium channel found in 
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Figure 1: Action Potential. Action potential from a wild-type mouse. The baseline is marked in green.  
The depolarization is marked by a red line.  A blue line shows the repolarizing phase.  Na+ marks the 
portion of the action potential caused by a sodium influx.  K+ marks the portion of the action potential 
caused by a potassium efflux.  
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skeletal muscle and underlies skeletal muscle action potential depolarization.  When 
Nav1.4 opens, the permeability of sodium ions increases allowing sodium to rapidly enter 
the cell (driven towards ENa of +60, see equation 2) until the channels become inactivated 
and potassium channels open near the peak of the action potential.  The delayed opening 
of the potassium channels allows for the outward flow of potassium to repolarize the 
muscle membrane (driven towards EK of –90, see equation 2).  Muscle fibers are 
maintained at a membrane potential of about –90 mV (Cunningham et al., 1971) by, in 
part, a large chloride conductance with an equilibrium potential for chloride that is also 
about –90 mV.   
The HD muscle is hyperexcitable, likely because of reduced chloride and 
potassium currents (Waters, et al., 2013; Miranda, et al., 2017).  Chloride currents play a 
large role in maintaining the negative resting membrane potential of skeletal muscle 
fibers.  With a lack of chloride channels, the resistance of the muscle fiber is increased, 
resulting in larger than normal voltage changes when ion current flows into or out of the 
cell.  Reduced potassium currents contribute to this because they return the fiber to its 
normal resting membrane potential after excitation.  In short, excitatory inward Na+ 
currents through the nicotinic acetylcholine receptor need to exceed the inhibitory or 
stabilizing chloride and potassium currents in order to drive the membrane potential to 
the threshold for an action potential.  Thus, possibly because of the reduced ClC-1 and 
Kir currents, the R6/2 skeletal muscle is hyperexcitable and prone to involuntary, 
unwanted contraction (Khedraki et al., 2017; Miranda, et al., 2017; Waters, et al., 2013).   
The presence of reduced chloride and potassium currents in HD skeletal muscle may help 
to explain the motor symptoms associated with Huntington’s disease.  With both major 
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channels involved in maintaining a muscle’s resting membrane potential reduced and 
resulting in hyperexcitability, it is important to examine the other major channels 
involved in excitation. 
Sodium Channels 
Voltage-gated sodium channels are very important.  They are found in bacteria as 
well as all animal phyla (Goldin, et al., 2002).  Fast voltage-gated sodium channels found 
in the membrane are present in one of three states that they cycle through.  The three 
states are closed, open, and inactive.  They are called voltage-gated because they will 
transition from a closed state to open when reaching a specific voltage.  Cells reach the 
voltage necessary to open when depolarizations occur as a result of external stimuli if 
large enough.  Once they reach the necessary voltage they will transition from the closed 
state to an open state allowing a large influx of sodium ions.  This creates the voltage 
depolarization in the action potential.  Most isoforms inactivate within milliseconds of 
opening, then return to a closed state through voltage-dependent conformational changes.  
The return to a closed state occurs after the repolarization of the membrane following an 
action potential reaches a sufficiently negative voltage.   
Sodium channels are very selective for sodium ions.  This allows them to prevent 
other ions from flowing through them while open.  Sodium channels favor sodium over 
potassium by 30 times (Hille, 1972, Favre et al 1996, Kurata et al 1999, Hille 2001), and 
even more over calcium (Perez-Garcia et al 1997).  Ion channels are selective because of 
physiochemical pairings in the pores (Carillo-Trip 2006).  If the properties of the amino 
acids in the pores and the ions do not pair well, then the ions are less likely to pass 
through.   
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There are a number of different voltage-gated sodium channels in mammals.  
Some with splice variants.  Each sodium channel has different parts.  One of those is the 
alpha subunit which has four domains with six transmembrane segments each (Catteral 
2000), and it is functional on its own while the beta subunit and other partners regulate it 
(Isom et al 1994, Cantrell and Catteral 2001, Wood et al, 2004, Abriel  and Kass 2005, 
Liu 2005).  That allows it to influence membrane excitability.   
Nav1.4 
Nav1.4 is the skeletal muscle fast voltage-gated sodium channel.  Different 
sodium channel isoforms are found in different tissues and have different kinetics.  For 
example, they activate and inactivate at different membrane potentials.  Nav1.4 starts to 
activate around –60mV with a V1/2 around –40 to –35 mV (Rich, et al., 2003, Young, et 
al., 2005) and inactivates at around –75 mV (Stuhmer, et al., 1989; Young, et al., 2005).  
What that means is that as the membrane potential depolarizes from rest, the channels go 
through a conformational change to open which allows sodium to flow through the 
channel.  However, as the membrane potential of the cell approaches –70 to –75 mV, the 
sodium channels will start to inactivate over time.  Once inactivated they are unable to 
open and allow current flow.  Because the voltage required for inactivation is closer to 
rest than the voltage required for activation, if the necessary voltage is reached for 
activation then the voltage has also been reached to inactivate all of the sodium channels.  
This ensures that once activated, the current can only flow for a brief time and then end.  
Because the inactivation is time and voltage-dependent, activation can still occur before 
the channels inactivate. 
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Hypothesis 
R6/2 model Huntington’s disease mice have been shown in our lab to have proper 
innervation along with reduced ClC-1 and Kir currents.  This reduction in chloride and 
potassium currents explains the hyperexcitability that is seen in R6/2 skeletal muscle.  
Clcn1 mRNA (encodes ClC-1) has also been shown to be reduced in R6/2 mice.  The 
primary ion contributors to membrane excitability are sodium, potassium, and chloride.  
Our previous study indicated that the rate of rise and amplitude of action potentials in 
R6/2 skeletal muscle were not significantly affected, suggesting that the fast voltage-
gated sodium channel may not be greatly affected.  I thus hypothesize that R6/2 skeletal 
muscle fibers have near normal sodium currents and can maintain low-frequency trains of 
action potentials.  However, because of the prolonged action potentials, I expect that Na+ 
channels will become inactivated at high frequencies of stimulation because the 
membrane potential will not repolarize adequately to re-activate the Na+ channels.  I will 
do this by completing two specific aims.  I will study the activation and inactivation 
currents of the fast voltage-gated sodium channels and record action potential trains at 
varying frequencies to determine at what frequencies HD muscle can maintain action 
potentials. The fast voltage-gated sodium channels should be examined not only because 
excitability cannot be fully understood in HD until it has, but because Nav1.4 may be a 
suitable target for therapies if unaffected.  Hyperexcitability could then be reduced to 
relieve HD patients of their debilitating motor symptoms. 
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Materials and Methods 
Sodium channel activity and action potential firing were tested in dissociated 
mature skeletal muscle fibers using two intracellular micro-electrodes under current and 
voltage clamp conditions.  Flexor digitorum brevis and interosseous muscles were used 
because they are small, reducing space clamp issues.  Voltage clamp was used to measure 
the sodium currents directly. Current density, the voltage of activation, and voltage of 
inactivation were examined.  A solution with one fourth the normal sodium concentration 
was used (see electrophysiology, ¼ sodium external section) to reduce the size of the 
sodium currents so that they could more easily be recorded.  Drugs (see 
electrophysiology, ¼ sodium external section) were used to block the other ion channels 
to isolate the sodium currents.   
To assess the health of the muscle fibers during the recordings, the holding 
current was observed to make sure it did not exceed −50 nA.  The holding current is the 
amount of current used to compensate for damage done by electrode impalement and to 
maintain the membrane potential at the desired voltage.  An unhealthy fiber will not 
require high holding current.  Also, the sodium equilibrium potential was calculated, and 
currents were checked for reversal within ±10mV of the Na+ equilibrium potential.  
Currents were normalized to capacitance to account for different sized fibers.  
Capacitance was measured using 4 mV steps in voltage-clamp, and the area under the 
curve of the resulting current.  Recordings were done after blocking all ion currents.  
Fiber size, sodium current density, sodium channel activation, sodium channel 
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inactivation, conductance, and slope of the three previously mentioned curves will 
all be examined.  Statistics were done with a student’s t-test in Sigma Plot software 13 
(San Jose, California).   
Animal Care 
 Policies of the Animal Care and Use Committee of Wright State University were 
followed for all animal procedures.  A breeding colony was established in the Wright 
State University Laboratory Animal Resources (LAR) Facility using one wild-type 
B6CBA female mouse with an ovarian transplant (hemizygous for Tg(HDexon1)62Gpb) 
and one wild-type male mouse (B6CBAF1/J) purchased from The Jackson Laboratory 
(Bar Harbor, ME), stock number 002810 (https://www.jax.org/strain/002810).  Samples 
were cut from pups between 7 and 14 days of age and sent to Laragen Inc. (Culver City, 
CA) for genotyping.  Mice were weaned at roughly 14 days of age.  Both diseased and 
wild-type littermates were housed together in sex-matched cages.  A petri dish containing 
moist chow (dry chow soaked in water) was supplied to all cages containing diseased 
R6/2 mice at 9 weeks of age. This was done to maintain adequate nutrition in 
symptomatic mice and avoid weight loss caused by struggling to feed on dry chow. 
 Assessment of condition in diseased mice, as described previously (Khedraki et 
al., 2017; Miranda et al., 2017; Waters, et al., 2013), was checked every week for mice 8 
to 10 weeks old, every two days for 10-week-old mice, and daily for mice 11 weeks or 
older.  Assessment categories included grooming, respiratory health, activity level, and 
weight loss.  The grooming category includes looking for poor general grooming, stained 
fur, and nasal or ocular discharge.  Under activity level, the mice were checked for 
reluctance or refusal to move, and a hunched back.  Ratings for each category ranged 
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from 0 to 3, where 0 signified a normal condition and 3 signified a severe/poor condition. 
Weight loss will be rated as anything below a 10% loss of weight being equivalent to a 1, 
anything below 19% being equivalent to a 2 and anything more than 19% receiving a 3.  
Mice were taken for experimental use when the sum of the scores is ≥ 6 or when any one 
category reaches a score of 3.  Mice that were ready for experimental use will be 
euthanized through inhalation of isoflurane (~2g/L), followed by cervical dislocation.  
Age of use was around 12 weeks of age.  
Electrophysiology 
 The flexor digitorum brevis (FDB) and interosseous (IO) muscles were dissected 
from the mice and incubated in type II or type CLSAFC collagenase which is an animal 
origin free collagenase similar to type 4 at 1,000 U/ml for about one hour at 36 degrees 
Celsius with gentle agitation to ensure that the collagenase achieves full contact with the 
muscle.  Muscle fibers were dissociated through three different sizes of pipettes.  Part of 
the buffer was suctioned off followed by replacing buffer three times to remove any 
fibers that weren’t settled at the bottom and they were allowed to rest for one hour.  They 
were then visualized using an Olympus IX73 microscope equipped with 10x 
(UPLFLN10X2) and 20x (UPLFLN20X) objectives. The extracellular buffer contained 
(in mM): 144 NaCl, 4 KCl, 1.2 CaCl2, 0.6 MgCl2, 5 glucose, 1 NaH2PO4, 10 MOPS, and 
pH 7.4 with NaOH. A low Na+ extracellular buffer was also be used and contained (in 
mM): 36 NaCl, 100 TEA-OH, 10 CsOH, 4 KCl, 1.2 CaCl2, 0.6 MgCl2, 5 glucose, 1 
NaH2PO4, 10 MOPS, and pH 7.4 with HCl. The normal and low Na
+ buffers were both 
made with an osmolality of 300 ± 5 mmol/kg. Solution changes were achieved through a 
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custom gravity-driven perfusion system. All experiments were performed at room 
temperature (about 22°C).  
   Dissociated fibers were impaled using two borosilicate glass microelectrodes 
(Sutter Instruments, Novato, CA) positioned close (within about 10µm) to one another.  
The fiber size was measured with ImageJ (National Institutes of Health) to determine 
surface area from images taken with an STF8300M camera (SBIG). The internal solution 
used for both the voltage-reading electrode and the current-passing electrode consisted of 
(in mM): 86 aspartate, 5 MgCl2, 15 Ca(OH)2, 5 ATP Mg, 5 phosphocreatine disodium, 5 
glutathione, 20 MOPS, 30 EGTA, pH 7.2 with CsOH, and osmolality of 300 ± 5 
mmol/kg.  All electrode resistances were between 10 and 15 MΩ for headstage 1 
(voltage-sensing) and between 3 and 8 MΩ for headstage 2 (current-passing).  Lower 
resistance electrodes on headstage 2 allow for current to pass more readily while in 
voltage clamp.  An Axoclamp 900A amplifier, Digidata 1550 digitizer, and the pCLAMP 
10 or 11 data acquisition and analysis software (Molecular Devices) were used for 
voltage-clamp recordings.  Dissociated muscle fibers were equilibrated for 20 minutes 
after impalement with a solution change to the low Na+ external 5 minutes into the 
equilibration.  Recordings were carried out in the low Na+ buffer containing (in µM) 400 
9-AC (9-anthracenecarboxylic acid) to block chloride channels, 10 ouabain to block the 
sodium-potassium pump, 20 nifedipine to block calcium channels before perfusion of low 
Na+ buffer with 1 TTX to block sodium channels.   Potassium channels were blocked by 
potassium replacement with cesium and TEA in the low sodium buffer and internal 
buffer.  Inward and outward currents were recorded as well as inactivation currents. 
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Statistics 
Statistics were done comparing Na+ current density, inactivation voltage, and 
activation voltage.  The half-activation voltage, as well as the slope of activation, were 
compared.  For inactivation, the slope and voltage of half inactivation were compared.  
The means of two samples were compared using a two-tailed Student’s t-test in 
SigmaPlot 13 software (Systat Software, San Jose, CA).  Mean values were reported as 
mean ± SEM.  For action potentials, we examined the trains for a difference between 
R6/2 diseased (HD) and wild-type (wt).  The maximum rate of rise was compared 
between wild-type and diseased along with the repolarization, peak amplitude, 40% and 
80% decay times.  Standard Error bars were used to compare for a difference between 
HD and WT.  T-tests were used to compare the beginning and end of the trains.    
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Results 
Sodium Channels 
Muscle fibers were held at –80 mV in voltage clamp.  The activation protocol 
(Figure 2A) contained a 50 ms prepulse to –120 mV to fully relieve inactivation of the 
fast Na+ channels.  Steps followed the prepulse starting at –75 mV and increased in 5 mV 
increments to –20 mV before being changed to 10mV steps from –10 mV to 50 mV.  The 
inactivation protocol (Figure 2B) contained a 50 ms prepulse to −120 mV before making 
50 ms steps starting at –120 mV and going up to –40 mV in 5 mV increments.  Each step 
was followed by a 20 ms step to –30 mV before returning to –80 mV.  Na+ recordings 
were normalized to capacitance. 
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Figure 2: Full Sodium Traces.  Shows an overview of the full activation and 
inactivation protocols.  A) Voltage activation protocol, and B) is the resulting current.  C) 
Inactivation voltage protocol and D) the inactivation current. 
 
 
 
 
A C 
D B 
Figure 2: ull Sodium Traces.  Shows an overview of the full activation and inactivation protocols.  A) 
Voltage activation protocol, and B) is the resulting current.  C) Inactivation voltage protocol and D) the 
inactivation current. 
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Figure 3 Average Sodium Traces. A) Steps of activation voltage protocol. B) 
Sodium currents resulting from voltage steps in control muscle. C) Sodium currents in 
diseased muscle.  D) Steps of inactivation voltage protocol. E) Inactivation currents seen 
in control muscle. F) Inactivation currents recorded in diseased muscle. 
 
Sodium currents were recorded in 1/4 sodium buffer to reduce the size of the 
current and make it easier to record.  The peak currents were plotted in an IV plot (Figure 
4).  They start around −60mV.  The current was inward until the voltage reaches around 
+30 to 40mV.  The calculated reversal potential for the solutions was at +32.5mV.  The 
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Figure 3 Average Sodium Traces. A) Steps of activation voltage protocol. B) Sodium currents resulting 
from voltage steps in control muscle. C) Sodium currents in diseased muscle.  D) Steps of inactivation 
voltage protocol. E) Inactivation currents seen in control muscle. F) Inactivation currents recorded in 
diseased muscle. 
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current was zero at the reversal potential and became outward at more positive membrane 
potentials.  The current densities were not significantly different.   
 
 Figure 4: Sodium Current-Voltage Relation.  A). Fast voltage-gated sodium 
currents are shown for R6/2 (Red) and control (Black) mice.  The calculated reversal 
potential is shown by a green dot. 
 
The activation plot represents the proportion of sodium channels that were open at a 
given voltage.  The inactivation plot shows the voltages at which the sodium channels 
become inactivated and are unable to conduct current.  The data are shown below. 
20 
 
Figure 5: Sodium Voltage Dependence.  A) Activation currents and B) Inactivation 
currents are shown for the fast voltage-gated sodium channel in diseased (Red) and 
control (Black) R6/2 mice. 
 
When looking at the graphs the activation and inactivation are both shifted more positive.  
Both activation slope along with V1/2 can be seen in the table below.  Inactivation slope 
and V1/2 are also shown in the table below. 
 
HD 
Mean 
WT 
Mean 
P Value T-Value Df Significant Test 
Peak 
Current 
−33.49 −39.46 0.601 141 
 
No Mann-
Whitney 
V1/2 of 
Inactivation 
−68.65 −72.42 9.00E-
03 
175 
 
Yes Mann-
Whitney 
Slope of 
Inactivation 
−8.23 −8.56 0.103 159 
 
No Mann-
Whitney 
V1/2 of 
conductance 
−34.79 −37.81 0.027 −2.382 21 Yes 
 
Slope of 
conductance 
5.85 6.14 0.524 0.647 21 No 
 
Table 1:  Slope and V1/2 of both activation and inactivation as well as peak current 
density are shown for both control and disease along with P-value and statistical 
significance.  
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Action Potentials 
Normal Sodium 
For action potential trains, recordings were carried out in sodium external 
containing (in mM): 137 NaCl, 4 KCl, 5 CaCl2, 2 MgCl2, 5 glucose, 1 NaH2PO4, 10 
MOPS, and pH 7.4 with NaOH.  The resting membrane potentials of the muscle fibers 
were held at about –85 mV in current clamp.  To determine the threshold current, which 
is the minimum current needed to trigger an action potential, six 0.2 ms current pulses of 
varying amplitude were injected into the muscle fibers. The first series of threshold 
current pulses varied by +25 nA per pulse (ie, six pulses ranging from 500 – 625 nA) to 
obtain an approximate threshold current. Subsequently, a series of six current pulses that 
varied by +5 nA was applied. Thus, our estimate of the 0.2 ms current pulse needed to 
trigger an action potential had an error of approximately 5 nA.  A representative 
recording showing the voltage responses to six 0.2 ms current pulses is shown in figure 5.   
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Figure 6: AP Threshold.  The voltage responses from a WT mouse during the 
threshold protocol with increasing voltage changes until APs result. 
 
Before explaining the train protocol, it should help to explain the aspects of the 
individual action potentials that were analyzed.  Figure 6 illustrates the action potential 
variables.  The repolarization phase was examined by measuring the time required to 
decay to 40% (D40) and 80% (D80) of the return to baseline.  More specifically, the 40% 
decay was the time from peak to the point 40% through the repolarization, and 80% 
decay was the time from peak to 80% through the repolarization.  This allowed us to 
 
 
 
Figure  P Threshold.  The voltage response  from a WT ouse during the threshold protocol with 
increasing voltage changes until APs result. 
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characterize the first and second phases of the action potential repolarization (Waters, et 
al., 2013, DiFranco, et al., 2012).  To examine the effective baseline throughout the train 
we took the most negative membrane potential between each action potential and called 
that the max repolarization.  In a train of action potentials, the max repolarization after an 
action potential occurred immediately before the subsequent action potential (Fig. 7).  If 
the max repolarization becomes depolarized, the fast voltage-gated sodium channels 
should inactivate according to the voltage dependence shown in Fig 5B; leading to a 
reduction in the current available for the next action potential.  This would support our 
hypothesis that at higher frequencies it would be more difficult for the muscle to maintain 
a train of action potentials.  To assess the effect of the max repolarization on the rising 
phase, we looked at peak amplitude and slope of the rising phase (dV/dt).  The peak 
amplitude was the most positive point of the action potential.  We determined the 
maximum slope of the rising phase for each action potential by taking the derivative of 
the voltage signal (Fig. 7B). As observed in Fig. 7B, the brief 0.2 ms stimulus pulse (Fig. 
7C) is brief enough that we can distinguish the stimulus artifact from the actual action 
potential rising phase.  Then we took the peak of the derivative for the depolarization 
caused by sodium currents to get an idea of how one action potential affects the 
depolarization of the next action potential throughout the train.  There are 3 mice with 14 
fibers for wt and 3 mice with 12 fibers for HD. 
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Figure 7: Action Potential Variables Analyzed.  Action potential variables analyzed.  
A) The top panel shows a single action potential.  The Peak Amplitude, 40% decay 
(D40), and 80% decay (D80) are marked.  The middle panel shows the derivative for the 
action potential found in the top panel and marks the slope of the depolarization caused 
by the stimulus in addition to the slope of the depolarization caused by sodium currents.  
The bottom panel contains the current stimulus.  B) Max repolarization leading into the 
next action potential. 
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Figure 8: 20 Hz Representative Showing a Closer Examination of the Train.  
Representative example of wild-type action potentials at 20 Hz.  A) Train of action 
potentials.  B) Inset of an isolated action potential followed by twelve that are a part of 
the 20 Hz train.  C) Inset shows the maximum repolarization of the isolated action 
potential, throughout the train, and the first recovery action potential after the train. 
 
Action potentials in the train protocols were stimulated with current pulses (0.2 
ms) at 1.1 times the threshold current necessary to elicit an action potential.  Recordings 
were carried out at frequencies of 20, 40, 60, and 80 Hz to determine the frequency with 
which HD muscle can maintain action potentials.  An example of the protocol for a 20 Hz 
train is shown in Figure 8. The total train duration was 20 s, starting with 20 ms of 
baseline before a single isolated AP that was followed by 75 ms before a 5 s train APs at 
20, 40, 60, or 80 Hz.  To assess recovery, we recorded a 14 s train of APs at 0.5 Hz that 
began 75 ms after the 20, 40, 60, or 80 Hz train. Representative trains at 20, 40, 60, and 
80 Hz are shown for wild-type (Fig. 9) and R6/2 (Fig. 10) muscle. 
A B 
C 
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Figure 9:  Representative Trains from WT Muscle.  A) 20 Hz.  B) 40 Hz.  C) 60 Hz.  
D) 80 Hz 
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Figure 10: Representative Trains from HD Muscle.  A) 20 Hz.  B) 40 Hz.  C) 
60 Hz.  D) 80 Hz 
 
At 20 Hz stimulation, the average repolarization of each action potential takes 
longer at both D40 and D80 in HD than in wt (Fig. 10A-D).  In wt fibers, the average 
D40 (the decay time) shown in Fig 11A does not change throughout the train, being 1.5 ± 
0.1 ms at the beginning and end of the 20 Hz train, p-value 0.779.  In HD muscle, the 
average D40 shown in Fig 11A starts at 3.5 ± 1.1 ms in AP1 and ends at 3.8 ± 1.1 ms in 
AP100, p-value 0.700.  Wt D80, shown in Fig 11C, starts at 4.0 ± 0.2 ms for AP1 and 
ends at 4.3 ± 0.2 ms for AP100, p-value 0.454; while the HD D80 starts at 9.1 ± 0.4 ms 
for AP1 and reaches 10.2 ± 0.6 ms time by AP100, p-value 0.230.  The difference was 
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again significant between HD and wt muscle when comparing based on the error bars.  
Within each genotype, at 20 Hz, there was not a statistically significant difference in D40 
or D80 from the start of the train to the end.  Consistent with a lack of change in the D40 
and D80, there was no significant recovery of the D40 and D80 (Fig. 10 B & D). 
Because the D40 and D80 did not change during the 20 Hz trains in wt or disease 
muscle, we expected that the max repolarization might be similarly unchanged during the 
20 Hz train. However, in wt muscle, the max repolarization at the start of the train (AP1) 
was −85.1 ± 0.1 mV and at the end of the train (AP100) it was −81.0 ± 0.5 mV, p-value 
0.002 (Fig. 11E).  In R6/2 diseased muscle, the max repolarization starts at −85.1 ± 0.1 
mV (AP1) and depolarizes to −80.0 ± 0.1 mV (AP100), p-value 0.0000126.  In both wt 
and disease muscle, the max repolarization began to recover toward initial values (–85 
mV) during the 0.5 Hz recovery train, but the process was not complete in 12 seconds. 
Lastly, it appears that shift in max repolarization during 20 Hz, as well as during the 
recovery, occurred more rapidly in disease fibers than wt.  The shift in max repolarization 
in the absence of a change in D40 or D80 suggests that the max repolarization is 
governed by different mechanisms than those that control D40 and D80.  Despite the 
statistical significance, it is not certain if the shift from –85 to –80 mV in the max 
repolarization has any major physiological significance.  To assess this, we examined the 
rising phase of the subsequent action potentials. 
29 
 
 
Figure 11: Average Repolarization Characteristics are Different at 20 Hz.  Average 
action potential properties during a 20 Hz train with an isolated action potential preceding 
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the break shown in the left column (A, C, and E).  Action potentials stimulated in a 0.5 
Hz recovery phase immediately following the 20 Hz train are shown in the right column 
(B, D, and F).  A and B) 40% decay time point.  C and D) 80% decay time point.  E and 
F) Max repolarization.  
 
Because of the potential inactivation of sodium channels, the max repolarization 
of one action potential was expected to impact the following action potential.  Thus, the 
rising phase of each action potential was examined (Fig. 12).  Throughout the 20 Hz 
train, the action potential max rate-of-rise in the R6/2 diseased muscle was slower, and 
the peak was not as positive compared to wt.  However, within each genotype, there was 
little change throughout the train.  In wt, the max rate-of-rise, shown in figure 12A, 
decreased from 332.5 ± 36.5 mV/ms at AP1 to 308.4 ± 36.7 mV/ms at AP100, p-value 
0.665.  In HD, it changed from 250.6 ± 48.1 mV/ms at AP1 to 217.3 ± 41.7 mV/ms at 
AP100, p-value 0.629.  The peak amplitude started at 37.5 ± 2.7 mV in AP1 and declined 
to 36.5 ± mV by AP100, p-value 0.799 (Fig. 12C).  In HD muscle, the peak started at 
22.6 ± 5.1 mV for AP1 and ended at 21.9 ± 5.1 mV for AP100, p-value 0.929 (Fig. 12C). 
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Figure 12:  Average Rising Phase Characteristics are Different in HD at 20 Hz.  
Average action potential properties during a 20 Hz train with an isolated action potential 
preceding the break shown in the left column (A and C).  Action potentials stimulated in 
a 0.5 Hz recovery phase immediately following the 20 Hz train are shown in the right 
column (B and D).  A and B) Maximum rate-of-rise.  C and D) Peak Amplitude. 
 
As mentioned above, the max repolarization of one action potential was expected 
to impact the next action potential as the max repolarization became more depolarized.  
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The max rate-of-rise would be expected to decrease as sodium channels inactivate 
because of the depolarized max repolarization. Based on the voltage dependence of 
sodium channel inactivation (Fig. 5B), the decrease in the max repolarization should 
occur most precipitously at potentials less negative than −80 mV.  To get an initial 
assessment of this relationship, we examined the max rise as a function of max 
repolarization for the 20 Hz data (Fig 13).  The correlations were fit with a linear line and 
the slopes examined.  The slope of the wt correlation line was −5.1 mV/ms/mV (ms−1) 
with an r2 of 0.9497.  The slope of the HD correlation line was −7.0 ms−1 with an r2 of 
0.9758.  The more negative slope of HD suggests that the max rise declines more steeply 
in HD muscle, consistent with larger overall depolarization of the max repolarization in 
disease muscle compared to wt.  Overall, the moderate decrease in the max rate-of-rise 
was consistent a minimal inhibition of sodium channels, as was expected since the max 
repolarization remained near or more negative than –80 mV in both genotypes.  
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Figure 13: Max Rise and Max Repolarization Correlate at 20 Hz.  This plot of max 
repolarization against max rise shows that they correlate highly at 20 Hz. 
 
More drastic changes in the action potential properties were seen at 40 Hz 
compared to 20 Hz.  Aside from the frequency changes, the protocol was the same as 20 
Hz.  At 40 Hz, the wt D40 had little change (Fig. 14A).  At AP1, it was 1.5 ± 0.1 ms and 
at the final AP (AP200), it was 1.7 ± 0.1 ms, p-value 0.295.  In HD muscle the D40 (Fig 
13A) was prolonged compared to wt throughout the train and grew significantly longer 
from 2.6 ± 0.2 ms at AP1 to 3.5 ± 0.07 ms at AP200, p-value 0.0348 (Fig. 14A).  
Consistent with the lack of change in the wt D40 during the train, there was no significant 
change in the wt D40 during the 0.5 Hz recovery phase (Fig. 14B).  Statistically, the R6/2 
 
 
 
Figure 13: 20 Hz Correlation.  The maximum rise is plotted versus the maximum repolarization for 20 Hz 
action potentials. 
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D40 recovered to pre-train levels in the first 2 sec of the recovery phase (Fig. 14B); the 
D40 of the recovery AP1 was 3.8 ± 1.9 and that of recovery AP2 was 3.8 ± 2.1, p-value 
0.983.  Similar to the D40 results, the D80 at 40 Hz was longer in HD muscle than in 
wild-type throughout the train (Fig. 14C).  The D80 of wt muscle increased from 4.3 ± 
0.2 ms at AP1 to 5.1 ± 0.1 ms at AP200, p-value 0.015.  In HD muscle, the D80 
prolonged from 9.6 ± 0.6 ms at AP1 to 13.1 ± 0.9 ms at AP200, p-value 0.033.  For both 
genotypes, the D80 did not fully recover to pre-train levels during the 14 sec recovery 
phase (Fig. 14D).  However, a full recovery was observed before the next train at 60 Hz 
was stimulated. 
We also examined the max repolarization at 40 Hz (Fig. 14E). The gap in max 
repolarization between HD and wt muscle increased during the 40 Hz train.  The first wt 
AP in the train started at −84.8 ± 0.2 mV and depolarized to −75.8 ± 0.9 mV by AP200, 
p-value 0.0005.  In HD muscle, the first train AP starts at −78.8 ± 0.9 mV, and by the end 
of the train, the max repolarization has reached −72.4 ± 1.0 mV (Fig 13E), p-value 0.100.  
Note, in disease muscle, there is a significant increase in the D40 from the initial isolated 
AP (−84.916 ± 0.3 mV) to AP1 of the train (−78.8 ± 0.9 mV), p-value 0.003, indicating 
that the D40 had not fully recovered from the initial isolated AP.  The recovery occurred 
faster for the max repolarization in HD muscle than in wt (Fig. 14F), although the muscle 
does not fully recover before the 0.5 Hz. 
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Figure 14:  Average Repolarization Characteristics are Different in HD at 40 Hz.  
Average action potential properties during a 20 Hz train with an isolated action potential 
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preceding the break shown in the left column (A, C, and E).  Action potentials stimulated 
in a 0.5 Hz recovery phase immediately following the 20 Hz train are shown in the right 
column (B, D, and F).  A and B) 40% decay time point.  C and D) 80% decay time point.  
E and F) Max repolarization. 
 
 One would expect that the positive max repolarization values at 40 Hz should 
begin to inactivate sodium channels. The max rise of AP1 in wt muscle was 324.4 ± 34.6 
mV/ms and that at AP200 was 267.7 ± 38.8 mV/ms, p-value 0.336 (Fig. 15A).  In HD 
muscle, AP1 started at 236.7 ± 57.1 mV/ms and the train ended at 144.6 ± 31.3 mV/ms, 
p-value 0.230 (Fig. 15A).  Although there is a trending decrease in the max rate-of-rise at 
40 Hz, the change did not reach statistical significance.  The decreasing trend in the max 
rate-of-rise for both genotypes appeared to full reverse during the 0.5 Hz recovery phase 
(Fig. 15B).  Overall, the AP peak amplitude in HD was lower than in wt muscle at 40 Hz 
(Fig. 15C), similar to the results at 20 Hz.  However, within each genotype, there was no 
significant change during the 40 Hz train.  In wt, the first AP started with a voltage of 
33.7 ± 2.2 mV and declined to 32.8 ± 2.4 mV, p-value 0.400 by the final AP.  In HD 
muscle, the train started at 21.0 ± 5.2 mV and declined to 18.9 ± 5.0 mV (Fig 15C), p-
value 0.400.  Consistent with the lack of change during the train, there was no change in 
the peak amplitude during the recovery phase for either genotype (Fig. 15D). 
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Figure 15: Average Rising Phase Characteristics are Different in HD at 40 Hz.  
Average action potential properties during a 40 Hz train with an isolated action potential 
preceding the break shown in the left column (A and C).  Action potentials stimulated in 
a 0.5 Hz recovery phase immediately following the 40 Hz train are shown in the right 
column (B and D).  A and B) Maximum rate-of-rise.  C and D) Peak Amplitude 
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 The plot to show the relationship between max repolarization and max rate-of-rise 
at 40 Hz was linear overall (Fig. 16).  The wt correlation (Fig 15) had a slope of −4.9 
ms−1 with an r2 of 0.961.  In HD muscle, the correlation (Fig 15) has a slope of −10.4 
ms−1 with an r2 of 0.9844.  The HD muscle had a higher slope suggesting that the max 
rise declined more than wt.  This fits with sodium channel inactivation as the membrane 
becomes more depolarized.   
 
Figure 16: Max Rise and Max Repolarization Correlate at 40 Hz.  This plot of max 
repolarization against max rise shows that they correlate at 40 Hz. 
 In 60 Hz trains, we started to see greater shifts in AP repolarization rate and the 
max repolarization in wt and HD muscle (Fig 17).  At 60 Hz, the D40 of wt muscle 
started at AP1 at 1.6 ± 0.3 ms and ended at AP300 at 2 ± 0.3 ms, p-value 0.441.  HD D40 
 
 Figure 16: 40 Hz Correlation. The maximum rise is plotted versus the maximum repolarization for 20 
Hz action potentials. 
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was prolonged relative to wt throughout the train (Fig. 17A). The HD D40 at AP1 was 
2.7 ± 0.3 ms, which significantly increased to 3.9 ± 0.2 ms in AP300, p-value 0.0298.    
There was no significant change in the wt D40 during the 0.5 Hz recovery phase (Fig. 
17B), which was consistent with the lack of change in the wt D40 during the train. The 
R6/2 disease D40 appeared to shorten from recovery AP1 (3.8 ± 0.3 ms) to recovery AP2 
(3.1 ± 0.2 ms) (p-value 0.037), but then did not fully return pre-train levels until after the 
14 sec recovery phase.  At 60 Hz, the D80 in wt muscle trending to prolong throughout 
the train.  AP1 started at 4.4 ± 0.5 ms and ended at 6.1 ± 0.2 ms, p-value 0.0512.  The HD 
D80 changed from 9.0 ± 1.3 ms by the end of the train to 11.6 ± 0.9 ms, p-value 0.129.  
The recovery phase for D80 at 60 Hz mirrored the train response for both genotypes (Fig. 
17D).  Max repolarization was depolarized in 60 Hz (Fig. 17E).  HD muscle immediately 
depolarized to −70 ± 1.0 mV at AP1 from the isolated AP (−85 ± 0.5 mV), p-value 
0.0001. The max repolarization at the end of the 60 Hz train in wt was −63 ± 2.4 mV, 
which was not significantly different than AP1 (p-value 0.057).  The wt muscle started at 
−84.0 ± 0.3 mV and depolarized to −71.2 ± 0.8 mV, p-value 0.1.  The wt appeared to 
recover slower than HD (Fig. 17F), neither the wt nor the HD max repolarization 
recovered completely before the end of the recovery phase.  
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Figure 17: Average Repolarization Phase Characteristics are Different in HD at 60 
Hz.  Average action potential properties during a 60 Hz train with an isolated action 
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potential preceding the break shown in the left column (A, C, and E).  Action potentials 
stimulated in a 0.5 Hz recovery phase immediately following the 60 Hz train are shown 
in the right column (B, D, and F).  A and B) 40% decay time point.  C and D) 80% decay 
time point.  E and F) Max repolarization. 
 
The max rate-of-rise was different at 60 Hz between the wt and HD throughout 
the trains (Fig 18).  In wt, the first action potential max rate-of-rise was 310 ± 40.7 
mV/ms and the train ended at 226 ± 43.2 mV/ms, p-value 0.229 (Fig. 18A).  There was a 
rapid decline in HD muscle after the first train AP (Fig. 18A).  The HD max rate-of-rise 
for AP1 started at 220 ± 52.2 mV/ms, which dropped to 155 ± 42.8 mV/ms at AP2, p-
value 0.396.  By AP300 the max rate-of-rise of R6/2 disease muscle had declined to 82 ± 
12.4 mV/ms; however, the difference between the start of the train and the end was not 
significantly different, p-value of 0.063.  Neither genotype had a significant change in the 
recovery phase (Fig 18 B).  Similar to the 20 and 40 Hz trains, the peak amplitude of the 
action potentials did not decline significantly throughout the 60 Hz trains for either 
genotype.  In wt, the peak amplitude started at 35 ± 2.6 mV and the train ends (AP400) 
with an action potential peak of 31 ± 2.6 mV, p-value 0.435.  In HD muscle, the peak at 
AP1 was 23 ± 5.0 mV in the first action potential to 16.5 ± 4.0 mV in AP300, p-value 
0.400. There was no significant change during the recovery phase for either genotype 
(Fig. 18D). 
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Figure 18: Average Rising Phase Characteristics are Different in HD at 60 Hz. 
Average action potential properties during a 60 Hz train with an isolated action potential 
preceding the break shown in the left column (A and C).  Action potentials stimulated in 
a 0.5 Hz recovery phase immediately following the 60 Hz train are shown in the right 
column (B and D).  A and B) Maximum rate-of-rise.  C and D) Peak Amplitude. 
 
 Since the HD muscle had a more depolarized max repolarization than wt in 60 Hz 
trains, the slope of the rate-of-rise vs max repolarization relationship was expected to be 
more negative for disease than wt, suggesting more sodium channel inactivation in the 
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diseased muscle.  The correlation plot for wt had a slope of −5.0 ms−1 with an r2 of 0.968 
(Figure 19).  HD muscle had a slope of −8.8 ms−1 with an r2 0.9312.  The slope of the 
action potential rise continues to decline faster in HD muscle, suggesting that HD muscle 
undergoes more sodium channel inactivation than wt as the membrane depolarizes. 
 
Figure 19: Max Rise and Max Repolarization Correlate at 60 Hz.  This plot of max 
repolarization against max rise shows that they correlate at 60 Hz. 
 In the 80 Hz trains, the D40 was lengthened more in HD than in WT throughout 
the 80 Hz train (Fig. 20A).  D40 increased in wt from 1.8 ± 0.2 ms to 2.1 ± 0.04 ms, p-
value 0.700.  In HD the D40 lengthened from 2.9 ± 0.2 ms to 4.6 ± 0.6 ms, p-value 0.333.  
At 80 Hz, the wild-type decay lengthened from 4.9 ± 0.2 ms at AP1 to 7.3 ± 0.3 ms at 
AP400, p-value 0.027.  There was no longer a D80 in HD.  This is likely because the max 
 
Figure 19: 60 Hz Correlation. The maximum rise is plotted versus the maximum repolarization for 20 Hz 
action potentials. 
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repolarization became too depolarized in HD muscle, preventing activation of the 
channels responsible for the D80.  The recovery from the D40 (Fig 20B) and D80 (Fig 
20D) mirrored that of the train protocol.  The HD max repolarization started at AP1 −62 
± 0.4 mV and ended at−55 ± 3.1 mV, p-value of 0.333.  WT max repolarization started in 
AP1 at −80 ± 0.8 mV and ended in AP400 at −65 ±1.5 mV, p-value 0.001.  The HD 
muscle repolarized faster, although neither fully recovered during the 0.5 Hz train over 
12 s.  It should be noted that as the frequency increased the max repolarization before the 
first action potential of the train also became more depolarized. 
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Figure 20: Average Repolarization Characteristics are Different in HD at 80 Hz.  
Average action potential properties during an 80 Hz train with an isolated action potential 
preceding the break shown in the left column (A, C, and E).  Action potentials stimulated 
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in a 0.5 Hz recovery phase immediately following the 80 Hz train are shown in the right 
column (B, D, and F).  A and B) 40% decay time point.  C and D) 80% decay time point.  
E and F) Max repolarization. 
 
The max rate-of-rise gradually declined in wt at 80 Hz.  Max rise in the HD 
muscle dropped from 276.2 ± 45.6 to 49.9 ± 4.0 mV/ms, p-value 0.333.  WT max rate-of-
rise at AP1 was 297 ± 33.4 mV/ms and ended with AP400 at 176 ± 45.4 mV/ms, p-value 
0.078.  The peak amplitude from control muscle gradually decreased.  WT peak 
amplitude declined from AP1 at 31 ± 1.7 mV to AP400 at 26 ± 2.1 mV, p-value 0.122.  
HD peak amplitude declined from AP1 at 26 ± 3.2 mV to AP400 at 14 ± 2.4 mV, p-value 
0.667.  There was no significant change during the recovery phase for either genotype 
(Fig. 21D).   
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Figure 21: Average Rising Phase Characteristics are Different in HD at 80 Hz. 
Average action potential properties during a 80 Hz train with an isolated action potential 
preceding the break shown in the left column (A and C).  Action potentials stimulated in 
a 0.5 Hz recovery phase immediately following the 80 Hz train are shown in the right 
column (B and D).  A and B) Maximum rate-of-rise.  C and D) Peak Amplitude. 
 
In wt, there was a slope of −5.0 ms−1 with an r2 of 0.9384.  The HD correlation 
has a slope of −8.4 ms−1 with an r2 of 0.9815 (Fig 22).  The HD muscle depolarizes to a 
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voltage where most sodium channels should be inactivated after the first action potential.  
The HD muscle has a steeper slope suggesting that the max rate-of-rise declines faster as 
the max repolarization becomes more positive. 
 
Figure 22: Max Rise and Max Repolarization Correlate at 80 Hz.  This plot of max 
repolarization against max rise shows the correlation for wt and HD at 80 Hz. 
 
 
 
 
 
 
 
Figure 22: 80 Hz Correlation. The maximum rise is plotted versus the maximum repolarization for 20 Hz 
action potentials. 
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Discussion 
In this study, the fast voltage-gated sodium currents of Nav1.4 in R6/2 skeletal 
muscle were examined to determine if there were changes to Nav1.4 similar to those of 
ClC-1 and Kir currents (Waters, et al., 2013).  In addition, trains of action potentials were 
recorded to examine the effects of increasing stimulation frequency on action potentials 
to look for signs that the muscle would fail. 
 
Sodium electrophysiology 
The Na+ current density appeared to be decreased in the R6/2 diseased mice, but 
not significantly different.  This result suggests that there may be a decrease in sodium 
current density, but that the change is small and may not cause functional problems in 
diseased muscle.  The presence of currents that are near the normal current density of 
wild-type mice also suggests that sodium currents are not as heavily impacted as currents 
from ClC-1 or Kir.  As a result, any changes in Nav1.4 should have less influence on the 
action potential in R6/2 mice. 
The voltage-dependence of activation of Nav1.4 is shifted slightly more positive 
(depolarized) in R6/2 than wt, moving threshold farther from rest.  A more depolarized 
threshold could be an attempt by the cell at compensating for the depolarized resting 
membrane potential in Huntington’s muscle (Ribchester, et al., 2004, Khedraki et al., 
2017).  The voltage-dependent inactivation of Nav1.4 is shifted similarly to activation in 
a positive direction, which helps to reduce the effects of a depolarized membrane on the 
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number of sodium channels that were inactivated.  This shift would not counter 
hyperexcitability, but it does shift voltage-dependent activation and inactivation of 
Nav1.4 to be in line with the shift in the resting membrane potential.  These changes 
suggest that my hypothesis that the sodium currents were unaffected was incorrect as 
there appear to be small changes.  Future experiments that could be done to learn why the 
small changes are there could include testing molecules that modify Nav1.4 such as 
calmodulin (Herzog, et al., 2003).   
 
Action Potential Electrophysiology 
 Any changes in the ion currents mentioned above could impact the action 
potential.  In our action potential trains, we saw prolonged repolarization of each AP in 
disease muscle at all frequencies.  The prolonged decay time could result in the 
membrane remaining more depolarized in R6/2 mice than WT mice when the next 
stimulus arrives.  Our results show that the membrane depolarizes more in R6/2 at all 
frequencies.  As the frequency increases, the max repolarization becomes more 
depolarized (positive) in both wt and HD.  The depolarization reaches voltages where the 
sodium channels should be inactivating heavily in higher frequencies.  The R6/2 muscle 
also repolarized slightly faster during the recovery period.  It may be due to a current that 
is not active in muscle during a train but possesses higher conductance afterward. 
The max rate-of-rise and the peak of the action potentials tended to be lower 
throughout the train in R6/2 compared to wt, but not statistically significant.  The max 
rate-of-rise should be affected by the max repolarization.  As the max repolarization 
becomes more depolarized, the relief of Nav1.4 inactivation should also reduce.  This 
leads to more channels remaining inactivated when the next stimulus occurs.  As a result, 
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fewer channels are available to open during the following action potential.  Decreased 
channel availability will reduce the max rate-of-rise of that action potential.  We see a 
strong correlation at 20 Hz in figure 13, which supports a connection between the max 
repolarization and max rise of the following action potential in the muscle.  
In 80 Hz, the prolonged decay means repolarization is occurring more slowly.  In 
diseased muscle, the second phase of the repolarization is lost so there was no longer a 
D80.  This is likely due to a combination of the longer decay times, and from the rapid 
stimulation of action potentials occurring too fast for the muscle to repolarize.  To clarify, 
one contributor to the loss the second phase of the action potential could be due to the 
following action potential occurring before there is enough time repolarize that far.  
Another contributor could be a reduction in the currents contributing to repolarization.  
The slow repolarization results in an immediate depolarization in R6/2 muscle during the 
80 Hz train, while the WT muscle depolarizes more gradually.  This would suggest that at 
least part of the depolarized max repolarization is a result of a reduction in repolarizing 
currents. 
This depolarization of the maximum repolarization should inactivate most of the 
sodium channels, which could cause a reduction in max rise we see in action potentials 
throughout the train.  To better understand this relationship, we can examine the 
correlation plot.  The plot shows the correlation of maximum rate-of-rise on the y-axis 
and maximum repolarization on the x-axis.  A linear correlation would suggest a 
relationship between the max repolarization from one action potential and the max rate-
of-rise of the next action potential.  The correlation for max repolarization and max rise at 
20 Hz in R6/2 is linear.  At 20 Hz, the diseased max repolarization is more depolarized 
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with smaller max rise values, and a more negative diseased slope.  The more negative 
diseased slope suggests that max rise declines more at more depolarized max 
repolarization values.  At 20 Hz, the max repolarization has not yet reached a voltage 
with a great effect on sodium channel inactivation.  At higher frequencies, the trend for 
the WT max rise changes near −80 mV, which corresponds with sodium channel 
inactivation.  In diseased muscle, the depolarization occurs too rapidly at higher 
frequencies to really see changes where inactivation begins. 
Towards more depolarized membrane potentials like −60 mV in the 80 Hz 
diseased trains, the majority of sodium channels should be inactivated.  At this point, we 
might expect the loss of sodium current to substantially impact action potential peak.  
While there was a small decrement in the action potential peak amplitude at higher 
frequencies, it was not significant.  A possible explanation for this could be the loss in 
opposing potassium currents in muscle.  The decrease in potassium currents in 
Huntington’s disease may result in a greater loss in opposing potassium currents.  That 
would allow for full action potentials despite greater Nav1.4 inactivation in HD as the 
max repolarization becomes more positive.  The increased resistance may help to allow 
for reduced sodium currents to depolarize the cell.  If potassium currents are reduced, 
they may not counter the sodium currents as effectively.  Calcium may also be more 
capable of contributing to the depolarization in cells with less repolarizing current and 
higher resistance, although Cav1.1 kinetics are considered too slow to do so.  This may 
allow for a slower, but full, action potential.  Contrary to our hypothesis, this data would 
suggest that the muscle could maintain action potentials even at higher frequencies, 
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although there are differences between diseased and wild-type muscle in the trains at 
different frequencies. 
The peak amplitude was lower in HD but still reaches a voltage depolarized 
enough to activate calcium channels.  The sodium currents appear to be a little slower in 
HD than wt in addition to the potentially smaller currents.  That may influence the 
smaller action potential peaks.  The peak amplitude of the action potentials brings into 
question the relevance of the changes seen above.  To determine if these changes are 
physiologically relevant we can check muscle force.  In physiological conditions, the 
action potential may not propagate effectively down full muscle fibers leading to failure.  
By checking force, we can determine if we see muscle weakness in larger muscles.  If 
there is a reduction in force, then it could be a lack of action potential propagation down 
the muscle fiber in physiological conditions.  If we do not see a loss of force, then that 
might suggest these changes during a train are not important.  Then symptoms would 
more likely be the result of defects that occur before reaching the muscle.  Another future 
experiment could be blocking channels like ClC-1 in action potential trains to see if the 
changes match those seen in R6/2 that we suspect could be a result of the loss in ClC-1 
and Kir current.  This would help to confirm or deny our theory that ClC-1 and Kir 
current loss is the cause for these changes.     
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